The study of health effects induced by exposure to mixtures of pollutants is a complex task. The purpose of this paper is to identify areas of research in which the conduct of human controlled exposure (clinical) studies may contribute to better understanding health effects of exposure to indoor air and other mixtures. The strengths and weaknesses of clinical studies in general are reviewed, as well as examples from the literature of approaches that have been used. Human chamber studies play an important role alongside epidemiologic and animal toxicologic studies in such research. Human chamber studies are limited with regard to assessing chronic effects, rare effects, or effects from long-duration exposures but are powerful in assessing acute, reversible effects from short-duration exposures in humans. The areas in which human chamber studies are most likely to contribute include identification of effects or markers of effects for exposure to a given pollutant or mix of pollutants; direct dose-response assessment of effects for individual compounds and mixtures of set composition; identification of individual compounds responsible for the effects of a mixture; study of the joint effects of a binary mixture; development of markers of acute exposure for particular compounds; development of outcome measurements to be used in the field; and identification, characterization, and testing of sensitive subpopulations.
Introduction
Inferences about the health effects of exposure to mixtures of air pollutants are based generally upon data from some combination of clinical studies, epidemiologic studies, and animal toxicologic studies. The relative contribution of information from each of these study types is dependent on the exposure of interest, the nature of the health outcome, the relationship between exposure and outcome, the existence of natural experiments, and the availability of suitable animal models, among others. In many circumstances, the data generated are complementary, and simultaneous assessment of information from those sources allows gaps in knowledge to be filled and allows the consistency of findings among the different disciplines to be examined. In other circumstances, hypotheses may be generated in one The purpose of this paper is to identify ways in which controlled human-exposure studies can be used for direct measurement of exposures and effects, and can be integrated into a program of epidemiologic research to enhance our understanding of the health consequences of exposure to indoor air pollution and other complex mixtures. Clinical studies are most useful in situations in which the mixtures of interest are well defined and easily produced and measured, and the outcomes of interest occur acutely, are reversible, and are measured easily with little error. At the other extreme are mixtures that are difficult to characterize and generate, and outcomes that occur only after a long period of exposure, are chronic in nature, and are rare and difficult to assess at an early stage. In the former case, effects of exposure can be assessed directly in human chamber studies. In the latter case A further concern about human experimental exposure studies as they have been traditionally carried out is that the population represented by the samples studied has not been consistently well defined While the subjects often are well characterized, they are generally volunteers recruited through advertising and, in many cases, from university campuses. Furthermore, in the interest of decreasing heterogeneity of responses and increasing internal validity, very homogeneous groups are usually studied, such as very healthy, never-smoking, white, male individuals, or mild asthmatics not on medication. This process for subject selection raises questions about the ability to generalize findings to other segments of the population not represented by these samples. In many instances, this may not be a major concern, and in cases where it is, different methods of recruitment and subject selection can be used to improve the external validity of a given study. (27) observed that exposure to environmental tobacco smoke (ETS) results in upper-respiratory symptoms and increased nasal resistance.
Use of Human Experimental Exposure Studies in Future Investigation
Having considered the strengths and weaknesses of clinical studies and the type of information that has been collected in the past both for exposure to individual pollutants and to mixtures of pollutants, one can better evaluate the possible contributions that clinical studies can make to direct assessment of effects of indoor air and other complex mixtures and to providing ancillary information that may enhance the design and interpretation of epidemiologic studies. Two approaches described by the U. S. Environmental Protection Agency (EPA) (28) include the "top down" and "bottom up" research strategies. The top down approach involves study of the mixture as a whole, with further study of fractions of the mixture to identify the causative agents and interactions among them. The bottom up approach involves study of the individual compounds as a first step followed by examination of the joint effects of mixtures of these individual compounds. Mauderly (29) , in this supplement, refers to similar approaches used in toxicological assessment of mixtures: an integrative approach and a dissective approach (both top down) and a synthetic approach (bottom up). These paradigms also are useful for identifying areas of clinical research that may prove fruitful.
The integrative approach, as part of a top down strategy, concerns itself with assessment of the mixture as it exists in the ambient environment. This generally requires that the mixture, or a reasonable approximation, can be generated in a chamber setting. Two situations that appear worthy of study include the effects of environmental tobacco smoke and the effects of the mixture of 22 are unusually sensitive and others who are nonsensitive. These groups could be exposed under controlled conditions and examined both for concordance with reported symptoms during ambient exposure and for physiological differences in response that could account for symptom differences. Furthermore, depending upon the question to be addressed, the a priori ability to identify responsive individuals can increase the study efficiency through proper selection of subjects. Alternately, one could document in the chamber the responses of a group of individuals who were to move into a new building. Concordance between responses measured in the chamber and those in the new ambient environment may provide insight into the host factors responsible for differences in response and into the underlying basis for reported symptoms. Such information could be useful for study design and control of confounding in future epidemiologic studies.
Another area that should be explored for feasibility is the use of environments other than existing chambers for quasi-controlled human exposures. For example, many model houses used for air monitoring information exist (30) . The pollutants in these structures represent exposures of interest and are well measured. The feasibility of exposing individuals to these mixtures in these facilities and measuring responses should be explored. Similarly, facilities in which the atmospheric chemistry of photochemical oxidants is studied could provide an opportunity to assess the effects of exposure of individuals to a number of representative mixtures, induding ozone and acid aerosols. A third approach involves the use of mobile chambers, which would allow the hybrid epidemiologic-clinical studies discussed above to be conducted at many more locations. Atmospheres could be generated for study of individual responses to single compounds or to specific mixtures of pollutants at the site of an epidemiologic investigation. Altemately, ambient air from various locations at an epidemiologic study site could be drawn into the mobile chamber for measurement of individual responses and inhaled doses. Such an approach would allow the random assignment of individuals to environmental conditions. The dissective component of the top down strategy begins with understanding the effects of exposure to the mixture and then involves further work to identify the individual pollutants responsible for the observed effects. Willes et al. (27) have done some preliminary work in this area by measuring the responses of sensitive individuals to different components of ETS. Such an approach also could be undertaken with VOC, and the approach of Avol et al. (25) with the mix of photochemical chemicals could be refined and expanded. The use in knowing the compound of greatest interest is that exposure assessment in epidemiologic studies could be directed to that individual compound, and reduction of exposure to a single noxious agent may be a more efficient method of reducing effects than reduction of exposure to the entire mixture.
The bottom up or synthetic approach involves understanding the effects of exposure to individual pollutants (e.g., ozone and one acid-aerosol species) and then assessment of the joint effects of exposure to mixtures of these individual pollutants. This has been the method used most often in human chamber studies. This approach can also be extended to study the joint effects of two complex mixtures, such as VOC and ETS, or one complex mixture with one pure compound, such as ETS and nitrogen dioxide or ozone, and a mix of acid-aerosol species. As mentioned, the chamber study is a powerful tool in establishing causality between a given exposure and effect. From a theoretical perspective, it is very attractive for quantifying the individual and joint effects of two or more substances. Because of practical limitations on the amount of resources that can be devoted to a particular question, however, the actual utility is restricted. This is reflected in the number of subjects that can be studied.
Studies in which maximal utility can be made of this method indude the effects of ozone and sulfuric acid aerosol upon respiratory symptoms and changes in lung function, or the effects of ETS In order to make maximal use of this method for assessing risk from exposure to varying levels of two compounds, one must be able to define the response surface for all possible combinations of the two substances. Assuming that response to each substance is nonlinear, one needs at least four concentrations for each pollutant for a total of 16 cells. Depending upon the precision of the measurements of interest and the variability in responsiveness to each pollutant, one needs a minimum of 10 Another use of the synthetic, or bottom up, approach is in identification of sensitive individuals for epidemiologic study. As mentioned for the top down approach, identification and study of individuals with optimal rates of the outcome of interest due to either exposure alone or to the joint exposure can result in more efficient epidemiologic studies. Furthermore, if other risk factors for the response of interest can be identified in chamber studies, control of potential confounding by these factors can be controlled in subsequent epidemiologic studies.
One can condude that human experimental exposure studies play an important role alongside epidemiologic and animal toxicologic studies in the investigation of health effects that are the result of exposure to complex mixtures. The human chamber studies are limited with regard to assessing chronic effects, rare effects, or effects from long duration exposure but are powerful in assessing acute, reversible effects from short-duration exposures in the species of interest. The areas in which chamber studies are most likely to contribute include identification of effects or markers of effects for exposure to a given pollutant or mix of pollutants; direct dose-response assessment ofeffects for individual compounds and mixtures of set composition; identification of individual compounds responsible for the effects of a mixture; study of the joint effects of a binary mixture; development of markers of acute exposure for particular compounds; development of outcome measurements that can be used in the field; and identification, dcaracterization, and testing of sensitive subpopulations. e
